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SUMMARY

It has been postulated by the author that the burning rate
exponent for solid propellant combustion can be represented by

n = log (1/Lewis number)

The Lewis number, Le, is a dimensicnless ratio of mass
diffusivity to thermal diffusivity. The Lewvis number correlation
is used in the paper to explain burning rate versus pressure be-
havior for various progressive, plateau, and regressive propellants,
Qualitative prediction by the correlation of observed relationships
of heat and mass transport, density, specific heat, and thermal
conductivity is described, Discussion is also presented on use

of the model to predict a critical density effect in deflagration-
to-detonation phenomena.,

Using & selected PBAA-ammonium perchlorate propallant as a
base, the burning rate exponents of two other similar propellants
were calculated., Calculated exponent values, using the Levis num-
ber correlation, were within 10 to 25 percent of measuvred exponents,
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A THE PREDICTION OF THE BURNING

RATE EXPONENT OF SOLID PROPELLANTS

BY

ROBERT J, HEASTON

INTRODUCTION

The combustion of solid propellants involves a complex coupling
of trangport phenciena aind chemical kinetics. This paper attenpts
to identify and separate the effects caused by esch of theee mechan-
isms. The same model is also used to predict the characteristics
and values of the burning rate exponent. A unique approach to this
analysis is offered by the following equation:

log (1/Le)
r=bp? "

‘where: r = regression rate

)

- bz pre-exponentia! tunciion
p = pressure
. Le z Lewis numuzr
= RDcp
k

0= density

O» mass diffusivity

@ specific heat at constant pressure
k = thermal conductivity

The suthor first proposed equation 1 imn correspondence to
Green(1l) and Ordahl(2). Some preliminary conclusions concerning
equation 1 vere published in a review paper by the author(3).
Further analysis of equation 1 indicates that it {s an interesting

framevork for separating the variables observed in solid propellant
combustion.

This paper is divided into sections. Each section will begin
vith some prediction that may be made with equation 1. Immediately
following each prediction made by equation 1 will be a discussion
of related data froa the literature. A transition will then ve made




to the next section. Over-all conclusions of the model, predictiouns,
and available proof are given at the end ¢f the pever.

MATHEMATICAL CURVES

Independent of any relationship to solid propellant combustion,

equation 1 is a mathematicsl formula that can be graphed when appropri-

ate numerical values ere inserted for the variables. In logarithnic
form equation 1 is as follows:

logr = log b +(log 1/Leliog p (2)

In & plot of log r versus log p, the value of log 1/Le will control
the slope or curvature of the resultant curves. Thus, for arbitrary
values of r, p, and b, figure 1 shows the curves for various Lewis
numbers.,

For Lewis numbers approaching zero, the value of r in figure 1
is increasing infinitely with increasing p. This condition is de-
pendent upon the fact that the Levwis number is changing with p (or r
for the purelv mathematical cese).

The widely known form of equation 1 is the de Saint Robert equa=-
tion(L),

r- t){)n (:3)

Equation 3 is an empirical formula where the exponent n is detcrmined
from experimental measurements on actual nropeliants., Different pro-
pellant formulations give different regreasion rate versus pressure
relationshins. Most propellants yield the characteristics(4) shown
in figure 2,

In this case n is usually greater than zero but less thar one.
A constant slope is also meintained orer a wide prescure range {a few
pounds per square inch to several hundred nounds per square inch).

Some aitrocellulose propellants with small amounts of lead & ii-
tives nroduce the curve(i) shown in figure 3, As a result of its
characteristic shave, the formulation prcducing the curve in figure 3

is called a "plateau" propellant. A few ammonium perchlorate composite

propellants also exhibit this behavior.
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Another unique relationship of regression rate and pressure
18 exhibited by so-called "mesa" propellants(i), This figurative
name should be obvious.from figure 4, A negative effect of the
exponent n exists over = narrow pressure range.

In figures 2, 3, &nd %, the values of n, from equation 3, are
preferably less than one. The usual magnitudes, except for negative
values, are 0.4 tc 0.9, A lov level is desirable. When n approaches
or exceeds one, there is a definite danger of deflagration-to-deto~
nation (DTD). In DID, propellant regression increases almost infinie
tely fast with pressure until a steady state detonation is reached.
Under these circumstances the exponent n is probably some function
of pressurc.

It is readily apnarent that comparison of equations 1 and 3
yields the following:

n= log (1/Le) (4)

On a strictly numerical basis, all of the slopes depicted in figures 2
through 4 also are shown in figure 1. This relationship is the sub-
Ject of the next section of this paper.

A HYPOTHETICAL PROPELLANT

A hypothetical composite of figures 1 through 4 is shown in fig-
ure 5. Four different zones are shown in figure 5. Zone 1 represents
the normal propellant shown previously in figure 2. Using observed
values of n of 0,1-0.7, the Lewis number can be calculated from equa-
tion 4, The resultant values are Le = 0.8-0.2, In zone 2 of figure
S5, Le = 1.0 for n = G, Similar determinations may be made for zones
3 and 4, Thus, all the values of the Lewis number presented in figure
1l also occur in figure S. Every magnitude of n reported in figures
2-l4 is repeated in figure 5, With the excepticn of zone L4, figure 5
is very much like figure I, Instead of chauging to a normal propel-
lant slope in zone 4 in figure 5, a deflagration-to-detonation cha-
racteristic is substituted., The mesa of zone 2 is aiso more idealistic
with a horizontal behavior., It is quite possible, then, that figure 5
is not so hypothetical sfter all.

REALISTIC LEWIS NUMBERS

The values of the Lewis numbers shown in figures 1 and 5 must
have some physical significance or else the hypotheses made so far
would be meaningless, The Lewvis nurber is a dimensionless ratio that

is often interpreted as the Prauutl number divided by the Schmidt number,
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Pr= E%L—’ Prandtl number ($))
Sc:= -E,  Schmidi number ©)
LoD

In these dimensionless numbers the terms are the same as defined
previously, except for p which is viscosity. Dividing (5) by

o (7)
. Br
Le = Ec

Using values of Pr and Sc in Foust et al(5), the values of Le shown
in table 1 are matched with a description of real gases. FReal gases
generally have Lewis numbers nearly equal to unity or slightly less.
The Lewis numbers of liquids or gases at very high pressures are
usually quite low, For the i1deal case using & simple model gas, the
transport diffusivities are equal (5). Sinee, alphe, the thermal
diffusivity is '

R (8
Q_ ———
LPCp
This means then, that
2
la= = ©

Mass diffusivity
Thermal diffusivity

As stated above, tha mass diffusivity and the thermal diffusivity
are eaqual for simple, ideal gases., Consequently, Le = 1 for an
ideal gas.

Unfortunately TLewis numbers are difficult to measure in real
gas systems, It becomes even more difficult, if not impossible,
to cefine Lewis numbers for a complex systam, especially a burning
s0lid propellant.
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CROSS~-SECTIONS OF BURNING SOLID PROPELLANTS

In order to be a useful tool, the Lewis number must be defined
for some part of the combusiion zune that exists in burning solid
propellants, The problem is even more difficult because there is
some variaticn in the view-points of what actually occurs as a pro-
pollent burns, £ 1id propellants are usually a heterogeneous mixture
of fuel, binder, and oxidize:, In an organic composite propellant,
these ingredients are usually powdered aluminum, polymer, and ammonium
perchliorete, respectively., A douhiuetsse propellant might contain
powdered alumin:n in a plasticized ait: ... ..icse formulation, Vare
iour additives are used t~ obtain diftura~. rela-pressure relation-
shins, [™Mder certain con. tions one might =lso argue whether the
oxicdizer regresses a little faster than the binder, or that a molten
sayer exists on the burning propellant surface, Nevertheless, some
geveral agreement has besn reached on what occurs. Threa separate
¢r<ss sections perpendicular to the burning propellant surface are
shown in figures 6, 7, and 8.

FPigure G presents nomenciature, such as "fizz zone” and "foan
zone," that has been observed to behave in the terms described(l).
A mechanistic cross secticn 18 shown in figure 7. This model bw
Cantrell et a'. (6) also inciucas ccmbustion instebility effects.
A more physical interpretation (7) of the burning surface »f a solid
propellant is shown in figure 8.

As reported by Vantock(8), the Soviets also differentiste stages
in the solid propellant combustion process, ‘These stages are: (z)
preheating of the propellant; (b) solid phase reactions; (c) melting;
{(d) liquid phase reactions; (e) evaporation; (f) sublimation or dis-
persion; and (g) homogeneous or heterogeneous reaction in the gase
phase, Regardless of which model (whether figure 6, 7, or 8) is
chosen it should be obvious thet a complex process occurs across the
interface between hot combustion gas<s and the unreacted solid pro-
pellant, For the time being it must be ascuned that a real Levwis
number, or an "effective" Lewis nurber, can be defined for the over-all
combustion region.

It is significant to rote that, rather than acknowledge the
existence of such e complex function as a so~called "effective" Lewis
numbsr, the normsal nractice is to assume Le = 1,0, However, there
have been evaluations of situations when Le # 1.0, One of the test
of these tnalyses is Lees(9). In boundary type {low systems with
chemical reactions, heat energy is transported bv heat conduction
and the diffusion of species carrv’.s chemical enthalny. A heal flux
vecter, 4, can be defined to represent this over-all heal trausyort,

N




Thus,

4= -5[{@" -zn, 8K . L&z A o)

Col | DY oy K oy
OONDUCTION DIFFUSION
T L]
where: b ﬁgcp,d‘! + hj

i = heat of formation of I'th specles
h = comglete static enthalpy

s xthl
K| = mass fraction of I'th specles
Dipz blnary mass diffusivity
Cp = Lhicp,

T = temperature

When the Lewis number equals unity in equation 10, the heat flux
vector becomes

. . kdoh 1
q = 2. By ()

Equation 11 is similer tc ordinary heat conduction for a anon-reacting
pure gas. This is usually a much easier equation to solvs than equa-
tion 10, Even though the Lewis number may be eliminated from calcu-
lations by assuming it equ2l to unity, there is no overlooking the

fact that the Lewis number has significance in physical riienonmena.

A qualitative interpretation of the Lewis number and equation 1 will
indicate some of the phenomena involved in rolid propellant combustion.

QUALITATIVE PREDICTICN OF EXPONENT

Based upon equation 1, and experimcental evidence, there are rour
najor parameters that ~.atribute to differences in solid propellant
burning rates at constant pressurs, Thesa are:

4, Chemical Composition
b. Transport Processes
c. Chemical Kinetics
d. Physical Cruaetry




Parameters a, b, and ¢ can be partly related through use of figure 5.
Asgume a propellant is burning with the conditions and properties as
shown in zone 1 of figure 5. If this hypothetical propellant is like
a plateau or mesa propellant, its rate-vressure curve will change in
the neighborhood of some pressure "x". What happens at x (which does
not necessarily have to be a sharp transition) ? Supposedly, the ki-
netic order of the system changes between zones 1 and 2. In terms

of the Lewis number the transition involves a coupling between trans-
port properties and kinetic phenomena. In zone 1, it is hypothesized
that reaction A — B predominates in the combustion process near
the propellant surface., Under these conditions the Lewis number will
remain constent and largelv dependent upon the species B, As pressure
{ncreases to zone 2, then, reaction A —= C becomes significant, A
new species, C, now controls the flame properties and a new Lewis num=
ber is established, If the reaction does not change, the same Lewis
number should predominate until increased pressure starts affecting
the transport processes, OSpectroscopic observations of the come
bustion zones of different types of nropellants burning at different
pressures could possibly prove or disprove this mechanism, Some

data along this line have been reported by Tajima et al.(10). In
these studies, spectroscopic data indicate that the same chemistry

is taking place in the surface reaction zone of double~base pro=-
pellants regardless of the pressure, No change in burning rate ex-
ponent was reported in these studies.

In considering figures 2 through 4, it should be obvious in the
light of present experience, that certain propellant compositions
have iinherent burning characteristics. The problem, then, becomes
c¢ne of how to modify these characteristics.

Combining equations 4 and 9 the foullowing relatior. “ip of burning
rate exponent and transpOrt processes is obtained:

n = ¢|ihermal ditfusivity 42)

Mass diffusivity

Consequently tlie burning rate exponent will be increased by incresses
in the thermal diffusivity if the mass diffusivity remains unchalged,
Increased mass transport will lower the exponent if no changes in

thern .l transport occur. However, it is difficult (if not impos ible)
to change the transport processes without changing the kinetic m cha= .
nism., Tt has been noted(4) that, at rocket vressures (below 200 psi),
n for the same propellant is generally lower than at gun pressures
(10,000 to 50,000 nsi). This is probably due to the fact that higher
pressures tend Lo increase thermal diffusivity and retard mass dif-
fusivity,




As reported by Vantoch(10), it has been predicted and obeerved
that combustion is stabilized with an increasing amount of heat
released in the condensed phase. This would lead to a lowered
thermal diffusivity and a correspondingly lower or more stable
exponent. Vantoch(10) also reports that the effect of a catalyst
in some cases is to cause a high surface temperature through heat
release in the condensed phase, Heat transfer from the gas to the
condensed phase would have to be small under these circumstances.

Another approach would be to cause an apparently artificial
increase in the thermal diffusivity through external radiation or
an additive that considerably increases the flame radiation, This
could be done without appreclably disturbing the chemical steps in
the reaction mechanism. A small amount of heavy metals might also
disturb the mass diffusivity sufficlently to lower the exponent.
Negative exponents are often observed when condensed residues from
heavy metals or other additives are formed during combustion. When
a condensed residue forms, the regression rate decreases with in-
creasing pressure due to lowered heat transfer (10).

The orientation of metal fibers in a provellant could also
cause Increased thermal diffusivity, resulting in higher exponents.
However, this effect also would depend upon the kinetics of the
metal combustion process, If the metal fibers react at a rate less
than the unmetallized propellant, the effect of the increased ther-
mael diffusivity would be the same as a higher ambient temperatura
in the propellant. In this case, the over-all burning rate is in-
creased with little or no change ir burning rate exponent.

In equations 1 and 3, the quantity, "b", is the variable which
depends primarily on the chemical kinetics, This conclusion is
most readily apparent from the effect of initial temperature on
propellant burning rates., Figure 9 illustrates this point (L).
However, with equation 1 it becomes more evident that b is dependent
on kinetics. The same effect as produced by veriation in initial
‘propellaat temperature is also accomplished by :he addition of ca-
talysts to solid propellants. The exponent might be changed by adding
a sufficiently large quantity of catalyst that the transport pro-
cesgses are affected, Catalysts which ehange the intermediate reaction
steps might also cause a variation in exponent. After all, any change
in composition or the geometry of constituents means a new propellant.

The effects of oxidizer particle size, propellant homogeniety,
and physical geometry have been noted by Hall and Bastress(ll).
The results in general show the same variation as the effect of
initial temperature or catalysts,




Throughout this section, most of the comparison of propellant
properties have been made at a constant pressure, However, pressure
can be a significant variable, too. As mentioned before, the changes
that occur in figure 5 at points x, v, and z are a function of pres-
sure that are related to the intrinsic properties of the propellant.
There is another cignificance to pressure that can best be identified
by another hypothetical model propellant. These propertiea are shown
in figure 10. Any of the typical propellant performance curves siiown
in figures 2, 3, and 4 could have been depicted in the "normal pro-
pellant operations" region of figure 10. The propellant, represented
by figure 2, is a more common example, Pure ammonium perchlorate
and most propellants made with this oxidizer show a neerly linear
behavior over an extremely wide pressure range., In fact, rate-
pressure measurements on a polybutadiene-~acrylic acid composite
propellant have been made by Cole(12) up to 60,000 psi in a self-
pressurizing closed-bomb system, These studies did not exhibit
a deflagration-to-detonation transition,

At very low pressures, the combustion zone broadens. Diffusion
processes become controlling to the point where an extinction pres-
sure is reached. Equation 1 conforms with such an approach.

Under certain conditions when confined in a bomb or subjected
to an energy transferring impulse, the pressure rises at a very
high rate. A trensition then occurs from normal deflagration to a
steady state detonation, If not suitably confined, the pressure
rise may only result in a catastrophic explosion., Typicel shock
pressures for propellants may be 60 kilobars with "regression rates"
of 5000 neters per second. However, before deflagration-to-detona-
tion processes can be described in more detail, it is necessary to
discuss the specific effect of variables on the burning rate exponent.

QUANTITATIVE PREDICTION OF EXPONENT

It would be desirable to be able to predict the magnitude of the
burning rate exponent of a propellant from its physical properties.
If this can not bte done, it might also be just as desirable to predict
the properties of one propellant from the properties of another., The
following analysis considers the latter point.




lant 2,
log(1/Ley)
ry = bypy
log (1/Le,)
R = DR

For relative rates at equal pressures,

it 21 p|og(1/l_e,) - log(i/Ley)
N b,

n. b plog(LezlLe1)
I b,

Meke use of the following

x X In a
a

= €

Inb inb(ina)
=

This ig the game as

In a (ina)inb

b =
Then,

inb In a

g8 B
or,

alog b = bloq a

10

Using equation 1 and comparing propellant 1 against propel-
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The identity above can be used in equation (16) 80 that,

log p
N, obiley)” (22)
 ~ b,llLe,
Since,
Le = ﬁ%ﬁz 23
|
£, D,c A °gp
ne 2K 24)
ra b, J01D1C91
K
Assume Pl =0, , Cpy cp2 5 DI-D2
‘ log p
A, bk (25)
bk,

>h it b,>b , other variables equaj

Ky >k, , other
£, < 0,, other
D.< D,, other
G,< S, other
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Data from a study by Sabadell and Wenograd(13) were usred to
make calculations related to equations 22 to 25. In the studies
by Sabadell and Wenograd the surface tewmperatures and thermal
conductivities of a series of PEBAA-ammonium perchlorate propel-
lants were measured, The composition of the propellants of
interest are shown in Table 2, Comnosition TOF was used as a
base to calculate a Lewis number. The following values were cal=
culated or assumed as order-of-magnitude quantities:

L = 1.8 grams/cm3

4]

c 1.0 zal/"C

P
log(.:.l'_) = 0-255
Le

k = 5,3 x 1074 cal/°C-cm-sec
p = 15 psig
D m 1,652 x 107% cn?/sec

Other measured values of thermal conductivity were substituted
into log (1/Le) to determine the calculated exponents in Table 3.

The calculated burning rate exponents do not agree too close-
ly with the measured values., However, the calculated quantities
bracket the measured exponent for the two different thermal con-
ductivities used., It is significant to note how the changes in
thermal conductivity change the calculated exponents. Some other
properties such as aensity or diffusivity must also have changed
with the thermal conductivity. Otherwise, the exponent of the
individual PBAA propellants would not remain constant over a pres-
sure range, In any case, no other example was discovered in this
review where burning rate exponents of one propellant were pre-
dicted from properties of another propellant formulation. This
example nrovides a crude but quantitative demonstration of equa-
tion 1.

DEFLAGRATICH -TQ-DETCHATION

There are circumstances under which a burning, or deflagrating
provellant begins to regress at a higher and higher rate. Zone U
in figure 5 represents this condition. Predictions of the mecha-
nisms of deflagration-to-detonation (abbreviated as DTD) can be
made with the aid of equation 1. In order to do this it is necessary

Y ettt 3 e 4




first to refer to figure 11. The pressure versus inverse density
relationship shown in figure 11 is known as a Hugoniot plot. Two
regions exist in this plot with a discontinuity between the two
curves, As noted, one curve describec conditions for detcnation
and the other designates deflagration.

In order to correctly predict the influence of the Lewis num=-
ber on DTD, it is necessary to refer to both figure 5 and figure 11.
Congider the deflagration curve in figure 11. As the density gets
smaller, the deflagration curve approaches the abscissa. Apparent-
1y, the density could decrease to zero and the deflagration curve
could be extended asymtotically. However, according to equations
1l and 4, as the density approaches zero, ‘he burning rate exponent
approaches an infinite magnitude. This is contrsry tc figure 5
as well as experience. The burning rate exponent must remain less
than unity if deflagration is to be sustained. A value of n greater
than unity would lead to a detonation. The transition of n to
greater than unity occurs in equation 4 for a Lewis number of about
0.1. Thus, in figure 11 a critical density is predicted where the
deflagration curve involves a transition to detonation. Observations
of this effect have been recorded by Gordon{l5). It has also been
observed that decreasing the bulk density of a propellant, such as
shredding it, will cause an otherwise non-sensitive material to de=-
tonate, If the Lewis number is slightly less than unity, a small
decrease in density could cause tne Lewis number to exceed unity.
This would cause n as defined by equation 4 tc yield a runavay re-
action., It is also possible thet the same process of shredding,
or high porosity, could lead to higher localized thermal diffusivity,
such as a hot spot (16). According to equaiion 9, this would also
lead to a transition to detonation. Thurs, both the effects of poro-
sity and the potential existence of ho’ spots are predicted by
equation 1.

In equation i, when the Lewis rumber is unity, the regression
rate is apparently aot a function of preasure. The value of r is
dependent on the kinetic function b only. Consequently, in figure 11,
the discontinuity botween the detoiation and deflagration curves pro-
hebly occurs for Le = 1,0,

The various values of Lewis rumber and burning rate exponent
that exist for figure 11 are tabulated in Table 4. Zone 3 in figure
5 is also indicated under the deflugration curve. This is an unusual
case vwhere diffusion-related phenonena predominate. The case when
Le = 1,0 is explained by the following postulation. Assume that
transport processes and chemical kinetics can be competing mechanisms,
even in a detonation, In addition, there is always & coupliiy between
these mechanisms. When a shock is passed through an explosive. the

13




shock effects both the transport proceeses and kinetics. Suppose
that the Lewis number is unity, and is unchanged by a shoeck. The
processes contributing to reaction kinetics are then controlling
when a shock passes through the propellant. The shock must be
equal to or greater than the energy barrier required to initiate i
the detonation., If the shock is not intensive enough, there will ‘
be no detonation because the Lewis number is unity. With a suffi- t
ciently intensive shock, a steady state detonation is established, ¢
This is the general mechanism of a high order detonation., The de~

tonation model supported by Eyring and coworkers, as quoted by ;
Boyer(1T7), follows this latter model, According to these investi- 3
gators the high regression rates of a detonating grain in the grain
burning process effectively prevents conduction of heat into the
unburned solid,

A true deflagration-to-cdetonation event requires the Lewis
number properties given in Table 4., There are also circumstances
where an explosive receives a shock that is insufficient for a high
order detonation, However, the shock influences the Lewis number
such that u exs:ucde wvnity. The reaction grows at a rapid pace be-
cause of the high pressure inherent in the initial shock. Rapidly
the explosive reaches a steady-state detonation, But, this process
requires several more microseconds than a high order detonation.

This slower process where transport processes are significant results
in the so-called low order detonation phenomena,

The Lewis number can be unity for either a detonating or de-
flagrating system, As noted above, if Le = 1,0, a sufficient shock
must be used to achieve a detonation, After a steady-state detona-
tion is achieved, the Lewis number always adjusts to unity. Other-
wise, the reaction rate would increase indefinitely. It might te
bypothesized that the mechanisms for all transport-related phenomena
become equivalent in detonation or supersonic flow systems, For a
deflagration, the Lewis number can be any value above about 0,1,

Some justification for the above mechanism may be provided by
combustion instability studies. As noted by Vantoch(10), combustion
instability may precede deflagration-to-detonation transition. A
pulse created through combustion instability may be caused to grow,
According to Zucrow(18), any effect which contributes to an increase
in static temperature of an element of gas, such as chemical heat
addition, will help to amplify a pulse., This could also cause an
increase in thermal diffusivity sufficient for a detonation to occur,

o AT i

Although not defined in this paper, the existence of a critical _
diameter for propellants ard explosives is also probably a function !
of the Lewis number and transport processes.
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CONCLUSIONS

It has been postulated by the author that the burning rate
exponent for solid propellart combustion can be represenied hy

n = log {1/Lewis number)

The Lew!s number, Le, is the ratio cf mass diffusivity to thermal
diffusivity. Although this nev burning rate exponent function of Le
has not bsen rigorousiy derived, uvvidence has bean collected to justi=-
fy some aspects of its validity. Such a function must have more than
Just a fortultous significance in view of the following:

1. Measured values of "n" substituted in the corrslaiion
produce reasonable order-or-magnitude numerical values for Le.

2. The Le function offers a single parameter as a unified
explenation for normel, mesa, plateau and negative burning, and de-
flagraticu=to-detonation behavior of solid propellants. This is the
first correlation to cover such a broad regime.

3. In comparing the burning rate properties of two different
propellants, the Le correlesion predicts the observed relationships
of density, specific heat, and thermal conductivity.

4, Calculations on a selected propellant system gave an
order of magnitude prediction of the burning rate exponents of two
propellants as related to a third propellant,

5. The Le correlation compnlies with observed qualitative
effects of variations in heat and mass transport.

6. The Le correlation predicts a critical density effect
in detonation phenomena,

T. The burning rates of solid propellants are expressed
in the Le correlation as a function of heat transfer divided by mass
tranafer, It does not make any difference whether the numerator ap-
proaches infinity or the denominator beccmes negligitly small, the
burning rate increases very sharplv. This essentiallv shows that
deflagration-to-detonation analyses can use either mass-diffusivity
or heat-resistance controlled rrain burning models.

8. A coupling effect between transvort proverties and kinetic
phenomens 1s exhibited Ly the Le correlation. As long as the reaction
A —» B predominates, the value of Le will remain constent and de=-
pendent upon the species "B". As nressure increcses, then, the reac-
tion A —e C mnay becone iuportant, In this case, a new Le is

15




determined by the speciss "C". Such a pressure effect on the con-
trolling reacticu in solid propellant combustion has been observed.

9. The Le correlation allows a very wvide pressure depend-
ency vhich has been a weakness in other bdurning rate models.

Even though all of the above may be true, it is still necessary
to observe that the "effective Le" involved in solid propellant come
bustion may be extremely difficult or impossible to define, Never=
theless, the Le correlationdefined may be an effective tool f4r
tnalyzing the proper relationships of variables in solid propdlltnt
combustion, or heterogeneous reactions in general, \
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TABLE 1

RELATIONSHIP OF LEWIS NUMBER

TO BURNING RATE EXPONENT

Measured Rate-Pressure Calculated Description
Exponent Curves Lewis No. of Gas
0.1 - 0.7 Normal or 0.8 - 0.2 Real
Progressive
0 Plateau d 1.0 Ideal
or Mesa
(o Negative or > Complex
Regressive
==l Deflagration -0 Dense

to Detonation
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TABLE 2

PROPELLANT COMPOSITIONS

Components « Parcent in Weight

AP

Propellant EPON AP Fine Coarse Copper Ferrie
Deaignation PBAA 828 9 Micron Ground Chromite Oxide
T0F 25.7 4.3 T0 —— ——— —-
T0F=1C 25.7 L.3 T0 — 1 ——
TO0F-1F0 25.7 4.3 70 ——— ——— 1
75 BM 2.4 3.6 22.5 52.5 —— s
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TABLE 3

COMPARISON OF MEASURED AND CALCULATED BURNING RATE L’XPONMS

Propellant Pressure gg:miﬂty Measured Calculhted
Designation Plig cal/°C~cim-sec n n
T0F 15 5.3 x 10~Y 0,255 Base
100 8.4 x 1074 0,255 " Base
T0F-1C 15 10,9 x i0-Y 0.381 0,563
100 18,6 x 10°H" 0,361 0,364
TOF=1F0 15  10.6 x 10-Y 0.410 0,551
100  15.3 x 10~% 0.410 0,352
75 BM 15 5,5 x 10~ 0.291 0,266
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TABLE L

EFFECT OF VARIABLES IN LEWIS NUMBER ON DEFLAGRATICN TO DETONATION

Variable Detonation Uncertain Deflegration

Le 0 to 0.1 1.0 0.1 to (1; H1.0
n >1.0 0 20 to {1; <O
L Low ——— High

D : Low — High

p Low - High

k High — Low

@ High e Low




LOG r
l

~J
e
LOG p
Fig. 1 Effect of Levis Number on r-p Relationships
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LOG RATE

LOG PRESSURE

Fig., 2 Normal Rate~Pressure Relatinnshin of Pronellants
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LOG RATE

Fig. 3
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LOG PRESSURE

Rate-Pressure Relationship of Plateau Propellants
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LOG RATE

rig, 4

LOG PRESSURE

Rate=Pressurs Relationship of Mesa Propellants
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Fig. 5

LOG PRESSURE

ypothetical Ratc-Pressure Diagram to Show
Different Propellant Characteristics
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A COLD PROPELLANT

B HEATED PROPELLANT

C PYROLYSIS ZONE (FOAM ZONE)

D PRIMARY GASEOUS PYROLYTIC
PRODUCTS

E GAS HEATING ZONE (F1ZZ ZONE)

F GAS REACTION ZONE (FLAME ZONE)
G BURNEC GAS

rig. 6 Burning of s S8o0lid Monopropellant

28




Y
/&) BURNING | PRODUCT
w4 ZONE GAS
2N aY CTATLlL
ASRY, 745
< 9‘ CHEMICAL | CHEMICAL
an “A REACTION | REACTION
/g reaction |
ez 4////
;; 3 ;j', 7 e Hr A
7, RADIATION | THERMAL THERMAL
,/////// ABSORPT!ON/ RADIATION | RADIATION
7/// 4/ /Z/{
/ 4 Y !
. /%// 7/7/] MASS —o= MASS —s-
EAAIA /2 /) TRANSFER TRANSFER
/ , /// v// y/ /,// 4
s
Ll L o, Sound Waves
he— HEAT  fas— HEAT VARIABLE
CONDUCTION|CONDUC TION|CONDUCTION| ~ WAVE LENGTHS

Fig.

Structure of Boundary Region Associated wiih a
Burning Propellant

29




0,0024" - -o.ooozTI
INDUCTION E , {47008

ZONE / |
{
/
!
!

N

/
/ 1.°'~\

| ‘t\:ouczmnmo«
> \

NANN

PROPE\LLAN

> 4

0.0

FLAME ZONE
COMBUSTION
PRODUCTS

rig., 6 The Combustion Region Adjacent to the Burning
Surface of a Solid Propellant (80% AP - 20% PBAA)




LOG RATE

LOG PRESSURE

rig. 9 Effect of Initizl Temperature on Rate-Pressure
Relationship




LOG RATE

A

[ ¥

Fig. 10

Low Pressure

TV

l

l
Normai :
Propellants
|

!

|

|

Detonation

l
'.
I
|
|
|
l
|
l
|

Transition

|
I
!
: Region
|
|

LOG PRESSURE

Variation of Burning Rate over & ¥ide Pressure Range

32




PRESSURE

Vis. 1)

|
|
i
e . \
3 | | <
d , O
G <l Z Z =
0|0 o'y
rile G
0'Z ZIl_]
e e e l—'< <|LL
W' -crIUJ
Q|+ —'0
PURE | |
SHOCK” I
|
|
|
r- ,,,,,, '——- — —

COMPLETE |
REACTION |

C~

HIGH Jt— 0 —#= low
!

SPECIFIC VOLUME (o

Hugoniot Diagram

33




UNCLASSIFIED
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classitication of title, body of abeiract and indexing annotation musi be entsrad whan the oversli report is clesailied)

1. ORIGINATIN G ACTIVITY (Corporate author) 2&. REPORT SECURITY C LASSIFICATION
US Army Research and Development Group (Europe) UNCLASSIFIED
APO New York 09757 25 GROUP

3. REPORT TITLE

The Prediction of the Burning Rate Exponent of Solid Propellants

4. DESCRIPTIVE KOYES (Type of report and inclusive dates)

8. AUTHOR(S) (Last rame, liret name, Initlel)

Heaston, Robert J.

6. REPORY DATE 66 7a. TOTAL NO. OF PAGES 75. NO. OF REFS
December
ecember 19 33 . 18
8a. CONTRACT OR GRANT NO. 948. ORIGINATOR'S REPORT NUMBER(S)

b. PROJECT NO.

c. 9b. S‘Tutl lgPoRT NO(S) (Any other numbess st may be assigned
‘dhia raport,

Fa

10. AVAILABILITY/LIMITATION NOTICES

Quelified requesters may obtain copies of this report from DDC,

g

11. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTHVITY

13. AGSTRACT

It has been postulated by the author that the burning rate exponent for
solid propellant combustion can be represented by

n = log (1/Lewis number)

The Levis number, Le, is a dimensionless ratio of mass diffusivity to
thermal diffusivity. The Lewis number correlation is used in the paper to
explain burning rate versus pressure behavior for various progressive, plateau,
and regressive vropellants, Qualitative prediction by the correlation of ob=
served relationships of heat and mass transport, density, specific heat, and’
thermal conductivity is described, Discussion is also presented on use of the
model to predict a critical density effect in deflagration-to-detonation
vhenomena,

Using a selected PBAA-ammonium perchlorate propellant as a base, the
burning rate exponents of two other similar propellants were calculated, Cal-
culated exponent values, using the Lewis number correlation, vere within
10 to 25 percent of measured exponents,

DD .\ 1473 UNCLASSIFIED

Security Classification




UNCLASSIFIED

Security Classification

KEY WORDS

LINK A LNV 8 LINK C

ROLE wT ROLE wT RGLE wT

Snlid propellant combusvion

Deflagration..to-detonation
of solid provpellants

I. ORIGINATING ACTIVITY: Enter the name and sddress
of the contractor, aubcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURTY CLASSIFICATION: Enter the over
all security classificstion nf the report, Indicate whether
‘“Reatricted Dsta® is included, Marking is to be in accord
ance with appropriate aecurity regulations,

2b. GROUP: Automatic downgrading is apecified in DoD Di-
rective 5200. 10 and Armed Forces Industrial Manual. ¥nter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters, Titles in sll cases should be unclassified.
If a meaningful title cannot be selected without claasifica-
ticn, show title classification in all capitals in parentheais
immediately ‘ollowing the titie.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final,
Give the inclusive dates when a specific reporting period is
covered.

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial,
If militsry, show rank and branch of service. The name of
the principal author is an absolute minimum requirement.

6. REPORT DATE: Enter the dste of the report as dsy,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow noimal psgination procedures, i.e., enter the
number of pagea corntaining informstion

7b. NUWMBER OF REFERENCES: Enter the total number of
referencea cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter

the applicable number of the contrsct or grant under which
the report wss written

8b, 8¢c, & 84. PROJECT NUMBER: Enter the sppropriate
military department identificstion, such as project number,
subproject number, system numbers, task number, etc.

9s. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cisl report number by which the document will Le identified
and controlled by the originating activity, This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): li the report hus been
ssaigned any other report numbera (either by the originstor
or by the sponsor), slso enter this number(s).

INSTRUCTIONS

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further diasemination of the report, other than thoae

imposed by security clsssification, uaing atandard atatements
such as:

(1) . “"Qualified requeatera may obtain copies of this
report from DDC.’*

(2) ‘'Foreign announcement and diaseminatinn of this
report by DDC is not authorized.''

(3) ‘U S. Government agencies may obiain copies of
this report directly from DDC., Other qualified DDC
users shall request through

“
.

(4) ‘'U. S. military agencies may obtain copiea of this
report directly from DDC. Other qualified users
shall request through

(S) ‘‘All distribution of this report is controlled Qual-
ified DDC users ahall request through

If the report has been furniahed to the Office of Technical
Services, Depsrtment of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additionai explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmentsl] project oifice or laboratory sponsoring (psy-
ing for) the research snd development. Include address.

i3. AUSTRACT: Enter an abstract giving a brief and factual
summary of the documen’ indicative of the report, even though
it may also appesr elsewhere in the body of the technical re-
port. If additional space is required, a continuation sheet
shall he attached.

1t 1s highly dexirable that the abstract of classified re-
ports he unclassified. Each paragraph of the abstract shall
end with an indication of the military security classification
of the information in the paragraph, represented as (TS), (S).
(C), or (U).

There is no limitation on the length of the absteact, How-
ever, the suggested length is from 150 (o 225 words.

4 KEY WORDS: Key words are technically meaningful torms
or =hort phrases that characterize s report and may be used o=
index cntries for cataloging the report. Key words must be
scelected so that ne security classification is required. lden-
ficrs, such as equipment model designation, trade name. mih-
tary project code name, peapraphic location, may be used ax
key words but wilt be followed by un indicetion of technical
context. The axsignmew of links, rules, and weights is
optional.

URCLASSIFIED

"7 Becurily Classification




SUPPLEMENTARY

INFORMATION




AD-815 882

Army Research and
Development Group
(Europe) New York,
THE PREDICTION OF THE
BURNING RATE
EXPONENT OF SOLID
PROPELLANTS,

Dec 66.

No Foreign without
approval of Army
Research and
Development Group
(Europe), APO,

New York.

No limitation USARDG 1ltr,
2k Feb 69

e




